Introduction
Many alkaloids containing at etrahydro-b-carboline skeleton have been isolated from natural sources. Several of them have well-known pharmaceutical effects and are used in therapy.A s examples, reserpine displays antihypertensive activity, [1] while vincristine and vinblastine exhibit cytotoxic activity. [2] In view of their potential pharmaceutical activity,t etrahydro-b-carboline alkaloids are currently at the forefront of research. New alkaloids have recently been isolated from Vinca major,i ncluding vincamajorinesAand B [3] and vinmajines A-I. [4] Te rpenoid indole alkaloids, mappiodines A-C, and mappiodosides A-G are found in the stems of Mappianthus iodoides. [5] Harmicine, extracted in optically pure form from Kopsia griffithii,h as antileishmanial [6] and antinociceptive effects. [7] The antiproliferative activity of arborescidine alkaloids and their derivatives has been evaluated in vitro in human tumorc ell lines. [8] An umber of studies have reported antimalarial effects of tetrahydro-bcarbolines such as (+ +)-7-bromotrypargine, which was extracted from an Australian marines ponge, [9] and some pyridoxal b-carbolines derivatives. [10] Trujillo and co-workersi nvestigated tetrahydro-b-carboline-1-carboxylic acids and their analogs, such as (AE)-5, as inhibitors of mitogen-activated protein kinaseactivated protein kinase 2. [11] Syntheses of b-carboline alkaloids, such as henrycinolAand B [12] or Eg5,a ni nhibitor of hydantoin hybrids,h ave also been reported. [13] Several routes for the synthesis of pharmacologically important natural products have been reviewed. [14, 15] Continuous-flow techniques are increasingly more often used in lipase-catalyzedt ransformations, for example acylation reactions [16] [17] [18] or esterifications, such as the resolution of flurbiprofen [19] and sugar ester synthesis. [20] Most of the lipase-catalyzed reactions involving the use of continuous-flow techniquesh ave been reviewed, for example, the compilation by Itabaianaand co-workers. [21] On the basis of earlier excellent results on the enzymatic preparation of various N-Boc-protected tetrahydroisoquinolines, intermediates for the preparationo fc rispine A, [22] homocalycotomine, [23] or calycotomine, [24] we set out to develop an ew enzymatic methodf or the resolution of new tetrahydro-
, and 1-hydroxymethyl-6-fluoro-1,2,3,4-tetrahydro-b-carboline [(AE) -6] . We planned to carry out the enantioselective O-acylationo fB oc-protected derivatives of the above-mentioned compounds [(AE)-7,( AE)-8,and (AE)-9]. tryptamine hydrochloride derivatives [1, 2,a nd 3]a nd glycolaldehyde, by am ethodf rom the literature. [25] Finally,t oe nsure the acylation exclusively at the OH function, the nitrogen at position2was Boc protected (Scheme 1).
Results and Discussion
An umber of preliminary experiments were performed in order to determine the optimal conditions for the enzymatic acylationo f( AE)-7 (Scheme 2). These preliminaryr eactions were carried out in ac ontinuous-flow system,u sing an H-Cube, [24] considering the advantages ensured by this system vs. batch reactions, such as facile automation,r eproducibility,c onstant reactionp arameters, and rapid implementationo ft he reactions (Figure 1) . [26] The substrate and the acyl donorw ere dissolved in the solvent, and the solution was pumped through a7 0mm-longh eat-and pressure-resistant CatCart filled with enzyme.W ei nvestigated how the enzyme, the acyl donor,t he solvent, temperature, and pressure influenced the enantioselectivity and the reactionr ate.
In an earlier study on the synthesis of N-Boc-protected calycotomine enantiomers, the CAL-B (Candida antarctica lipase B)-catalyzed enantioselective acylation (E > 200) was performed with vinyl acetate in toluene, with af low rate of 0.1 mL min
À1
in ac ontinuous-flow system. [24] We therefore startedt he acylation of model compound (AE)-7 under similarc onditions ( Table 1 , entry 1). Poppe and co-workers [16] described the preparative-scale resolution of different racemic secondary alcohols by using ac ontinuous-flow system and also at af low rate of 0.1 mL min À1 .CAL-Bc atalyzedt he reactionw ith excellent enantioselectivity (E > 200), but the conversion (conv. = 4%)w as very low after one cycle. Next, several other enzymes, such as PS-IM (Burkholderia cepacia lipase), CAL-A (Candida antarctica lipase A) and AK (Pseudomonas fruorescens lipase), were tested under the same conditions (entries 2-4). Lipase PS-IM catalyzed the reaction with excellent E (entry 2), but with an even lower reactionr ate than for CAL-B( entry 1). CAL-A displayed moderate reactivity and low E (entry 4), while lipase AK practically did not catalyze the reaction (no product was detected after one cycle) (entry 3). In view of these results, CAL-B was chosen for furtheroptimization.
In an attemptt oi ncreaset he reaction rate, the enzymatic acylation of (AE)-7 was performed with other acyl donors ( Table 2 ). Ethyl acetate andi sopropenyl acetate did not react (entries1 and 2). Although it is knownt hat acylation with an anhydride acyl donor may lead to 'chemical esterification' besides enzymatic acylation, therebyc ausing ad ecrease in the product enantiomeric excess, [27] two anhydride acyl donors, butyric anhydride (entry 4) and acetic anhydride, [28, 29] (entry 5), were also tested. When butyric anhydridew as used, al ow E and ar elatively good conversion were observed (entry 4). Under the same reaction conditions, acylationw ith acetic anhydride proceeded in ar elatively fast reaction( conversion = 17 %) with excellent enantioselectivity (E > 200). Consequently, acetic anhydride was chosen as acyl donori nf urtherr eactions.
We next investigated the acylation of (AE)-7 at differentt emperatures (Table 3 ). When the temperature was increased from 60 8C( entry 1) to 70 8C( entry 2) and then to 80 8C( entry 3), the reactionrate increased, butatt he same time, E decreased.
In an effort to increase the reactionr ate withoutaloss in enantioselectivity,aset of experiments werep erformed in different solvents, such as toluene, methyl tert-butyl ether,a cetonitrile, diisopropyl ether,c hloroform,a nd 1,4-dioxane( Ta ble 4). The results demonstrated excellent E (> 200) in methyl tertbutyl ether and 1,4-dioxane (entries 2a nd 6), but the conversions were very low (conv. 4%). Excellent E (> 200) and relatively good reaction rates were observed in toluene and diisopropyle ther (entries 1a nd 4). Finally, diisopropyl ether was chosen for further reactions.
The pressure of the reactions performed in the continuousflow system was also examined (Table 5) . It was interesting to observet hat at about 60 bar,t he reaction rate reached am aximum (conversion = 32 %a fter one cycle, entry 4), and further increaseo ft he pressure resulted in ad ecrease in the conversion.
The CAL-B-catalyzed acylation of (AE)-7 was next carried out in an incubator shaker,u nder the optimized reactionc onditions for the H-Cube (CAL-B, diisopropyle ther,a cetic anhydride, 60 8C). The reactionp erformed in batch mode reached ac onversion of 46 %a fter 3h,b ut the enantioselectivity was relativelyl ow (E = 36). Consecutively,t he diisopropyl ether was replaced by toluene, which also ensured good resultsw hen the acylation of (AE)-7 was carriedo ut in the H-Cube (Table 4 , entry 1v s. 4). The batch reaction in toluene gave excellent enantioselectivity (E > 200) and ac onversion of 48 %a fter 3h. When the amount of acetic anhydride was increased from 1.1 equiv to 2equiv,ahigher reactionr ate waso bserved (E > 200, conversion = 50 %after 3h).
In the small-scale acylationso f( AE)-8 and (AE)-9 under the conditions optimizedf or (AE)-7 (CAL-B, 2equiv acetic anhydride,t oluene, 60 8C), lower reactionr ates and enantioselectivities were observed ( Table 6 ). The results revealed thatt he enzymatica cylations slowed down or even stopped after aw hile, and ee p decreased considerably,a saconsequence of chemical [%]
[%]
Conv.
[%] esterifications (entries 2a nd 5). When the amount of acetic anhydride was increased from 2equivt o6a nd then 8equiv, the reactions becamef aster,a nd when 50 %c onversionsw ere achieved, the enantioselectivities were excellent (> 200) (entries 3 and 6). On the basis of the above results, the preparative-scale enzymatic resolutions of (AE)-7-(AE)-9 werep erformed in toluene, with CAL-B, acetic anhydride [2 equiv for (AE)
Furthertransformations

The O-acylated enantiomers [(S)-10-(S)-12]w ere transformed via methanolysis into the correspondinga mino alcohols [(S)-7-(S)-9]i nK 2 CO 3 /MeOHa t6 08Cw ithoutaloss in ee values( 98 %) (Scheme 3). When the protecting Boc in (R)-8 and (S)-11 was
removedw ith 18 %H Cl at 80 8C, ac onsiderable decrease in ee ( 89 %) was observed. Since methods of Boc deprotection,i ncluding catalyst-free water-mediated, [30] and microwave (MW)-assisted methods [31] are known in the literature, we performed MW-assisted Boc group removal for (R)-7-(R)-9 and (S)-10-(S)-12,i nw ater at 100 8C. [32] Thiss trategy resulted in the desired products [ 
(R)-4-(R)-6 and(S)-4-(S)-6]w ith high ee (! 96 %).
For determination of the absolute configuration, amino alcohol 4 was transformed to its N-acetyl analog (13)b yaknown literaturem ethod (Scheme 3). [33] Determination of absolute configuration
The specific rotatione arlier reported for (R)-13 (ee = 98 %) was [a] D 25 =+17.3 (c = 0.2 in EtOH), [34] whereas the enantiomeric 13 that we prepared (see Experimental Section) gave [a] D 25 = + 164 (c = 0.2 in EtOH), with the same sign, but with ah igher order of magnitude,a lthought he 1 HNMR spectroscopic data for our (R)-13 were similart ot hose given in the literature.
[34] [35] Ta king into account our earlier observations with regard to the enantioselectivity in the CAL-B-catalyzedO -acylation of related amino alcohols, [24] (S)s electivity wasacceptedi nt he CAL-B-catalyzed O-acylationo f( AE)-7.
Conclusion
An effective enzymatic method was developedf or the enantioselectiveO -acylationo ft he primary hydroxyl group of tetrahydro-b-carbolines (AE)-7,( AE)-8,a nd (AE)-9.T aking advantage of the continuous-flow system, we carried out the preliminary experiments in ac ontinuous-flow system, while the preparativescale resolutions were performed as batch reactions (incubator shaker). Excellent E values (> 200) were observedw hen CAL-B and acetic anhydride were used in toluene at 60 8C. Table 7 . CAL-B-catalyzed preparative-scale resolution of (AE)-7-(AE)-9 [a] .
Enantiomeric N-Boc-protected amino alcohols [(R)-7-(R)-9], and amino esters [(S)-10-(S)-12]w ere obtainedw ith high ee (! 96 %) in good yields (! 43 %). The transformations of (R)-7-(R)-9 and (S)-10-(S)-12 with MW-assisted Boc deprotection resulted in the desired tetrahydro-b-carboline amino alcohols without ad rop in the ee values (! 96 %).
Experimental Section Materials and methods
CAL-B (lipase Bf rom
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Small-scale enzymatic resolutions
Small-scale experiments in the continuous-flow system:t he racemic substrate [(AE)-7,0 .0125 mmol] and the acyl donor (1.1 equiv) were dissolved in the solvent (1 mL), and the mixtures were pumped with an HPLC pump through the heated (45 8C, 60 8C, 70 8C, and 80 8C) and compressed (1 bar,2 0bar,4 0bar,6 0bar, 80 bar,a nd 100 bar) cartridge filled with enzyme (flow rate: 0.1 mL min À1 ).
Small-scale experiments in batch mode:t he racemic compound [(AE)-7,( AE)-8,o r( AE)-9,0 .0125 mmol] was dissolved in the solvent (1 mL), and the enzyme (30 mg mL
À1
)a nd acyl donor (2, 6, or 8equiv of acetic anhydride) were then added. The mixture was shaken at 60 8C.
Syntheses
Synthesis of racemic
Tryptamine hydrochloride (1,5 .9 g, 0.03 mol) was dissolved in am ixture of water and 2 n HCl (15 mL). The solution was cooled to 0 8C, and asolution of glycolaldehyde dimer (2.3 g, 0.02 mol, dissolved in 5mLw ater) was added. The reaction mixture was stirred at 90 8Cf or 4h.T he cooled solution was treated with activated carbon, and then extracted with diethyl ether.T othe aqueous layer,2 0% NaOH was added until pH 10, and the mixture was then extracted with EtOAc (3 30mL). The organic layer was dried on anhydrous Na 2 SO 4 and evaporated. The product (AE)-4 was purified by column chromatography (5.2 g, yield:8 7%,m .p. = 146-147 8C, light-yellow crystals, R f = 0.27, eluent:M eOH). Alcohol (AE)-4 (3.0 g, 0.015 mol) was dissolved in 80 mL 1,4-dioxane and cooled to 0 8C, and as olution of NaOH (0.62 g, 0.016 mol, in 5mLw ater) and then as olution of di-tert-butyl dicarbonate (3.56 g, 0.016 mol, in 10 mL 1,4-dioxane) were added. The reaction was carried out at 1hunder ice-cooling, and then at room temperature for 24 h. The reaction mixture was extracted with dichloromethane (3 30mL) and the extract was dried on anhydrous Na 2 SO 4 Synthesis of racemic N-Boc-protected 1-hydroxymethyl-6-fluoro-1,2,3,4-tetrahydro-b-carboline, (AE AE)-9
With the procedure described above [5-fluorotryptamine hydrochloride (3,1 .0 g, 4.6 mmol), water (40 mL), 2 n HCl (2.5 mL), glycolaldehyde dimer (0.55 g, 4.6 mmol)],t he reaction resulted in (AE)-6 [0.93 g, yield:9 1%,m .p. = 138-141 8C, R f = 0.15, eluent:t oluene:-MeOH (1:1)] as yellow crystals. To as olution of (AE)-6 (0.83 g, 3.77 mmol) in 1,4-dioxane (30 mL), NaOH (0.15 g, 3.75 mmol) in water (5 mL) and di-tert-butyl dicarbonate (0.91 g, 4.17 mmol) in 1,4-dioxane (5 mL) were added. The method was as described above. The product ( AE AE )-9 [0.88 g, yield:7 3%,m .p. = 124-125 8C from n-hexane, R f = 0.26, eluent: n-hexane:EtOAc (2:1)] was obtained as light-yellow crystals. 
Enzymatic resolutions
Enzymatic resolutionof(AE AE)-7
To (AE)-7 (0.5 g, 1.66 mmol) in toluene (30 mL), lipase CAL-B (900 mg) and acetic anhydride (2 equiv,3 10 mL) were added, and the reaction mixture was shaken in an incubator shaker at 60 8Cf or 1.5 h. The reaction was stopped at 50 %c onversion (ee = 98 %) by filtering off the enzyme, and the solvent was then evaporated off. The products were separated by column chromatography on silica [eluent: n-hexane:EtOAc 
